Phosphorylation plays pivotal roles in cellular processes and dysregulated phosphorylation is considered as an underlying mechanism in many human diseases. Top-down mass spectrometry (MS) analyzes intact proteins and provides a comprehensive analysis of protein phosphorylation. However, top-down MS- 
Introduction
Reversible protein phosphorylation orchestrates important cellular processes in eukaryotic cells including cell proliferation, protein-protein interaction, signal propagation, among others.
1,2
Dysregulation of protein phosphorylation is known to be critically involved in the pathogenesis of many human diseases, such as cancer, heart failure, and neurodegenerative disease. 1, [3] [4] [5] [6] [7] To understand these disease processes, identication and quanti-cation of phosphoproteins are the essential steps in decoding the complex cellular signaling network regulated by phosphorylation events. Moreover, proteoforms arising from alternative splicing, amino acid polymorphisms, and other post-translational modications (PTMs), 8 have imposed another layer of complexity to the phosphoproteome. The conventional shotgun "bottom-up" mass-spectrometry (MS) based phosphoproteomics which analyzes peptides resulted from protein digestions, 9,10 is suboptimal because of the "protein inference problem", resulting in incomplete information on sequences or modications. 11, 12 In contrast, the top-down MS approach examines intact proteins without digestion, providing a global view and the possible merit of comprehensive analysis of all modied proteoforms.
5,13-16
Therefore, top-down MS allows one to study phosphoproteins and their associated proteoforms at the intact protein level, which leads to more direct connectivity to complex disease phenotypes for clinical and translational research.
11
However, unlike the well-established bottom-up phosphoproteomics that has numerous mature phosphopeptide enrichment methods and well-developed LC/MS/MS workows, [17] [18] [19] the top-down phosphoproteomics approach is much more challenging mainly due to the lack of phosphoprotein enrichment methods and the difficulties in separation of intact proteins from complex proteome. To address the limitation of low specicity, efficiency, and poor reproducibility on intact protein enrichment, [20] [21] [22] [23] we recently developed the rst generation functionalized superparamagnetic Fe 3 O 4 -GAPT-Zn nanoparticles (NPs) for universal and effective enrichment of phosphoproteins from complex mixtures. 24 However, further improvement on the NPs and effective downstream analysis including LC separation and MS/MS characterization of enriched phosphoproteins are needed to fully interrogate the complex phosphoproteome.
Herein, we sought to develop a robust top-down proteomics workow for comprehensive phosphoprotein characterization that integrates highly specic intact phosphoprotein enrichment by the next generation cobalt ferrite (CoFe 2 O 4 ) NPs with high resolution online LC/MS/MS analysis (Fig. 1) . In this topdown phosphoproteomics workow, proteins are rst extracted from tissue homogenate (or cell lysate), and subsequently incubated with functionalized superparamagnetic NPs (Fig. 1a) . At a neutral pH, the ligands functionalized on the NP surface bound strongly to phosphate groups of the phosphoproteins, preserving their physiological condition (Fig. 1b) . Aer a magnetic pull down of the phosphoprotein-bound NPs, elution of the phosphoproteins from NPs (as well as the preenrichment samples) are then subjected to online LC separation and MS analysis of the intact proteins. The enriched phosphorylated species are selected for tandem MS for identication and characterization (Fig. 1c) . For the rst time, we have shown that this integrated top-down phosphoproteomics strategy allows for highly specic enrichment, identication, quantication, and comprehensive characterization of low abundance endogenous phosphoproteins from complex tissue extracts on a chromatographic time scale.
Results and discussion
Synthesis, characterization, and evaluation of CoFe 2 O 4 NPs for intact phosphoprotein enrichment
We have designed and synthesized the cobalt ferrite (CoFe 2 O 4 ) NPs (Fig. 1d and 2a) with stronger magnetic response 25, 26 and better reproducibility for intact phosphoprotein enrichment than the rst generation Fe 3 O 4 -GAPT-Zn NPs. 24 We synthesized the CoFe 2 O 4 NPs capped with oleic acid (OA) and oleylamine (OE) ligands by a seed-mediated growth method (see experimental details in ESI and Fig. S1 †) following the procedure reported by Sun et.al. 27 Transmission electron microscopy (TEM) image analysis revealed that the diameter of the CoFe 2 O 4 NPs was $9.96 AE 1.03 nm (Fig. 2b) . Powder X-ray diffraction conrmed a typical ferrite diffraction pattern 28 (Fig. 2c) . The CoFe 2 O 4 NPs have been shown to possess larger magnetic moments and magnetic anisotropy and good chemical stability. 25, 26 These NPs were subsequently functionalized with dinuclear Zn(II)-dipicolylamine (Zn-DPA) ligands coupled to glutaric acid (hereaer referred to as GAPT), based on the previously reported method with minor modications (Fig. 2a) . 24 These GAPT-Zn complexes provide the specic binding to the phosphate ions on phosphoproteins and are the key to the enrichment. 24, 29 Notably, the step that replaces the hydrophobic OA and OE ligands on the CoFe 2 O 4 NP surface with 3-aminopropyl trimethoxy silane (APTMS) and 2-methoxyl (polyethyleneoxy) propyl trimethoxysilane (hereaer referred to as Si-PEG) was completed within 24 h, which was greatly improved compared to 48 h for the preparation of Fe 3 O 4 -NH 3 / PEG NPs. 24 We then coupled GAPT ligands, the phosphate capturing moiety, to the free amino groups of the APTMS on CoFe 2 O 4 -NH 3 /PEG NPs, producing CoFe 2 O 4 -GAPT NPs. Fourier 
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Additionally, thermogravimetric analysis (TGA) showed different weight loss (%) for each surface-modied CoFe 2 O 4 NPs with the corresponding ligand molecules (Fig. 2e) . The small size of the CoFe 2 O 4 NPs provides advantages such as a high surface-to-volume ratio, easy surface functionalization with multivalent ligand molecules to interact with phosphoprotein targets; better penetrations in complex mixture for higher binding rate without causing denaturation; and good solubility.
31-33
Aer activation of CoFe 2 O 4 -GAPT NPs with 10 mM ZnCl 2 , the resulting CoFe 2 O 4 -GAPT-Zn NPs (Fig. 1d) were used for phosphoprotein enrichment. The protein samples prior to NP enrichment were termed loading mixture (LM); unbound nonphosphoproteins were collected as ow-through (FT); and enriched phosphoproteins were saved as elution (E) for further analysis (Fig. 1c) . The optimized enrichment procedure includes a HEPES buffer (50 mM, pH 7.7, 150 mM NaCl) for binding and subsequent washing, and a sodium phosphate (Na 2 HPO 4 ) buffer (100 mM, pH 7.3, 50 mM NaCl) for nal elution. A standard protein mixture was used to validate the enrichment efficacy of each batch of NPs (details in ESI, Fig. S2a and b †). We further sought to quantitatively determine the enrichment performance by spiking in low levels of b-casein as an internal control in a highly complex swine heart tissue extract. We systematically decreased the concentration of the spike-in b-casein from 0.1 to 0.03 mg mL À1 . 10 mg of equal amount of proteins before and aer enrichment of the tissue extract containing about 3% (I), 5% (II), 7% (III), and 10% (IV) w/w % of b-casein (Table S1 †) was prepared as loading mixtures. SDS-PAGE analysis was performed ( Fig. 3a and b, and S3 †) paralleled to the top-down LC/MS analysis (vide infra). Overall, the enrichment was consistent and reproducible across all samples with different amounts of spike-in b-casein.
Abundant non-phosphoproteins in LM were effectively depleted and washed into FT, as shown in the nearly identical bands between LM and FT (Fig. 3a) . In contrast to LM and FT, the highly similar band patterns in the elution (E) lanes of the gel stained by Sypro Ruby and ProQ Diamond (Fig. 3a and b) indicates the predominance of enriched endogenous phosphoproteins in addition to b-casein. These results demonstrated that CoFe 2 O 4 -GAPT-Zn NPs can efficiently enrich phosphoproteins from complex biological samples with high specicity and sensitivity.
Top-down LC/MS analysis of spike-in b-casein from tissue extract aer CoFe 2 O 4 NPs enrichment For the top-down proteomic analysis aer NP enrichment, an equal amount of proteins from LM, FT, and E that were acquired from the tissue extract with 5% of b-casein spike-in was subjected to reverse phase chromatography (RPC) LC/MS and LC/MS/MS analyses using a Waters M-class UPLC and a Bruker maXis II Q-TOF mass spectrometer (details in ESI †). The robust LC/MS platform allows direct comparison across the base peak chromatograms (BPC) of LM, FT, and E (Fig. 4a) . The overlapping separation pattern between LM and FT ( Fig. 4a and S4 †) demonstrates that the majority of the proteins from LM were washed off to FT, consistent with the SDS-PAGE band patterns (Fig. S3 †) . Subsequent MS analysis revealed that most proteins in the LM and FT solutions are highly abundant nonphosphoproteins, including blood proteins such as hemoglobin subunit a and b, which were signicantly depleted aer enrichment ( Fig. S5 and S6 †) . Even though some blood proteins were still detected in MS from elution, signicant depletion of highly abundant non-phosphoproteins in LM enabled us to detect low abundance phosphoproteins in E, which are reected as low abundance peaks in the BPC for E. For example, the deconvoluted spectrum shows that the spike-in b-casein was barely detectable in LM and FT solutions because of the predominant signal from the co-eluting myoglobin (Fig. 4b) . However, aer enrichment using CoFe 2 O 4 -GAPT-Zn NPs, bcasein (M r 23 968.12) was signicantly enriched while the intensity of myoglobin (M r 16 942.86) was greatly decreased (Fig. 4b) . The enrichment factor was estimated by comparing the relative percentage of b-casein before and aer the enrichment. The relative percentage of b-casein was signicantly increased from 0.5% to 94% from the complex mixture aer enrichment. Moreover, the pure spike-in b-casein standard were separated into three distinct LC peaks in E aer enrichment, as seen in the BPC and extracted ion chromatogram labeled as (i), (ii), and (iii) in Fig. 4a . None of these were detectable prior to enrichment in LM. The deconvoluted mass spectra revealed three genetic variants of b-casein, 34 B (M r 24 077.14); (i), A1 (M r 24 008.11); (ii), and A2 (M r 23 968.12); (iii) based on their accurate mass measurement (Fig. 4c and S7 †) . Although the genetic variants of b-casein differ by only one or two amino acid residues, all three proteoforms were unbiasedly enriched by the NPs and separated from the complex tissue extract using topdown LC/MS. Furthermore, the top-down approach allowed us to quantify the relative percentage of each b-casein proteoform, which would be difficult using the bottom-up MS strategy. The relative percentages among A2, A1, and B variants were determined to be 53%, 35% and 12% respectively, according to the average spectrum across the same time frame (Fig. S8 †) .
Top-down LC/MS/MS characterization of endogenous phosphoproteins enriched from tissue extract by CoFe 2 O 4 NPs
Furthermore, through this integrated top-down phosphoproteomics strategy, we have detected and examined multiple known cardiac phosphoproteins 7 from the eluted phosphoproteins that were previously undetected or in very low abundance in the HEPES extraction without enrichment (Fig. 5) . The enrichment of the phosphoproteins is apparent by comparing phosphorylation level changes across the same time frame in the LC/MS of LM, FT, and E. Notably, as shown in the normalized deconvoluted spectra in Fig. 5a , phosphorylated forms of pig cardiac troponin I (24 kDa) with a possible V116A polymorphism (28 Da) were all enriched, which was consistent with what we previously found on the same protein using immunoaffinity purication. 35 Western blot analysis for phosphorylated cardiac troponin I at Ser22/23 further demonstrated the enrichment (Fig. S9 †) , which well correlates with the MS data. Nevertheless, the top-down approach in this case offers a global view of each of these highly similar phosphorylated polymorphic species. Similarly, phosphorylated tropomyosin (33 kDa) was also enriched and can be characterized aer enrichment (Fig. 5b) .
More importantly, in addition to the previously known myolament proteins, we were able to discover low abundance endogenous phosphoproteins using this integrated strategy. One example is a potential phosphoprotein (27 kDa) eluting around 33.5 min that was signicantly enriched so that the triply phosphorylated form became the most intense peak/base peak (Fig. 6a) . The deconvoluted spectrum further shows that the protein with M r 26 996.90 has 80 Da mass increases, corresponding to multiple phosphorylated forms of the protein (Fig. 6b) . As seen in both the original and the deconvoluted spectra, the triply phosphorylated form was of very low abundance in LM of the heart tissue extract, but aer enrichment, its intensity improved more than 10 folds (Fig. 6a and b) . Moreover, nearly no detection of the phosphorylated forms in FT spectra demonstrates sufficient capturing ability of the CoFe 2 O 4 -GAPT NPs. Since the triply phosphorylated form became the base peak aer enrichment, subsequent LC/MS/MS was made possible through both collision-induced dissociation (CID) and electron transfer dissociation (ETD).
We condently identied this protein as hepatoma-derived growth factor (UniProtKB/Swiss-Prot, F1RHJ2_PIG) using MSAlign+ 36,37 search algorithm (Fig. S10 †) , which was previously uncharacterized and unreviewed. We further analyzed the data and mapped the sequence using MASH suite Pro. 37 Three potential phosphorylation sites were determined: Ser132, Ser133, and Ser165 (red letters in Fig. 6c and S11 †) . Top-down MS/MS not only revealed an N-terminal methionine excision, but also a coexisting acetylation near the N-terminal in addition to the three phosphorylations. As another example, a protein with M r 21 675.63 with a mass increase of 80 Da was signi-cantly enriched and detected in E (Fig. S12a †) , while it was nearly unobservable in LM and FT. In the normalized original mass spectra in Fig. S12a , † the non-phosphoprotein with M r 20 827.56 was fully depleted, and the phosphorylated protein M r 21 675.63 + 80 Da was enriched more than 10 folds, demonstrating the specicity of this NP-based enrichment and the efficacy of this integrated strategy. MS-Align + search identied the proteins to be chromobox protein homolog 1 (UniProtKB/ Swiss-Prot, F1RWH1_PIG) based on both the CID and ETD spectra acquired from LC/MS/MS and we narrowed down the possible phosphorylation site to Ser89/Ser91 (Fig. S12 and S13 †). Similarly, we enriched and identied a 14 kDa singly phosphorylated protein, programmed cell death protein 5 (UniProtKB/Swiss-Prot, F1RNX2_PIG) ( Fig. S14 and S15 †) . Interestingly, even though phosphorylation is known as a labile PTM, many of the phosphorylations were preserved during CID LC/MS/MS (Fig. 6d, S12d and S16 †) . For instance, from the phosphoprotein with M r 21 755.59, p y121 ion was predominantly observed whereas its unphosphorylated counterpart y121 existed in low abundance (Fig. S16 †) . The globular structure of intact proteins preserves the labile phosphorylation to some degree. 16 Other enriched phosphoproteins with observable 80 Da mass difference were also detected in the comparison among LM, FT, and E (Fig. S17 †) . These results in the identi-cation and characterization of new phosphoproteins not only validated the enrichment performance of the CoFe 2 O 4 -GAPTZn NPs but also demonstrated the power of this integrated top-down phosphoproteomics workow.
Conclusions
In summary, we have developed a top-down phosphoproteomics strategy that integrates NP-based phosphoprotein enrichment and online LC/MS/MS to enrich, identify, quantify, and characterize phosphoproteins from complex protein mixtures. We have designed and synthesized functionalized magnetic CoFe 2 O 4 -GAPT-Zn NPs with stronger magnetic response and much improved robustness and reproducibility in synthetic steps. The high specicity and efficiency of phosphoprotein enrichment using these improved CoFe 2 O 4 -GAPT-Zn NPs was validated by SDS-PAGE analysis with phosphoprotein-specic gel stains using b-casein spike-in tissue extract. Top-down LC/MS results demonstrated that the spike-in phosphorylated b-casein was substantially enriched (relative percent from 0.5% to 94%), which allowed us to further separate, identify, and quantify all of its genetic variants. More importantly, through online top-down LC/MS/MS with CID and/or ETD, we were able to identify endogenous phosphoproteins and localize their potential phosphorylation sites. Beneting from the unique NP-based enrichment method, this integrated online top-down LC/MS/MS workow has the advantages of globally observing phosphorylated proteoforms; quantifying proteoform species; and identifying and characterizing phosphoproteins with co-existing PTMs and/or sequence variants. We envision that with further advances in front-end intact protein separation, 38 MS detection of large proteins (>30 kDa), and MS/MS fragmentation techniques 39, 40 with improved throughput, this top-down phosphoproteomics strategy that couples functionalized NP-based phosphoprotein enrichment with online LC/MS/MS has the potential to enable a deep coverage and comprehensive characterization of the phosphoproteome for the study of molecular mechanism underlying diseases and the discovery of specic phosphoproteoforms as biomarkers. 
